Among the intermingled translational and rotational effects occurring in earthquakes, the translational effects are rather well understood. Recent experiments have been performed to investigate the rotational effects which have been observed for centuries that remain intriguing and less well understood. Although rotational seismology is of interest in a wide range of disciplines, rotational ground motions remain challenging to detect directly, especially their sense of rotation. To avoid a possible random response of a single balance, we locate two Cavendish balances in an ultra-low-noise laboratory. For the two successive 2012 Italian earthquakes in Emilia detected in exactly the same direction, opposed counterclockwise and clockwise responses of the two balances are recorded at the same site. Despite the complex combinations of Rayleigh and Love surface waves in the far-field, the two circular fundamental eigenmodes of the gravity-free torsion balances permit the determination of the ground rotation senses, which are indirectly confirmed by the phase shifted acceleration components in the balance frequency bandwidth, as well as the corresponding
Introduction
Rotational seismology useful to many disciplines is still an emerging field [1] among the complex ground motion studies where the translational effects are rather well understood using efficient seismometers and sensor arrays. Although rotations of vertical objects during earthquakes have been reported, in particular close to the epicentres, for more than a century on the different continents around the world [2, 3] , practical difficulties have been encountered in measuring directly the effective rotational ground motions. However, ground rotational motions have been successfully recorded in the near-field of earthquakes [4, 5] , and even using explosions [6, 7] . Several models have been proposed to describe these rotational effects [8] [9] [10] [11] . The last few decades have seen a renewed interest for the investigation of rotational effects in earthquakes. Although the analysis of the effects of seismic rotations on accelerometers and inertial sensors have shown the unambiguous existence of rotations, rotational recordings with 'ad hoc' sensors are still necessary both in the near-field and in the far-field domains [12] . Nice experiments have been performed to address some properties of these intriguing effects, including advanced ring laser gyroscopes [13] [14] [15] , accelerometers [16] , electromechanical sensors [17] , electrochemical sensors [7, 18] , rotaphones [19] . In the near-field, clockwise (CW) and counterclockwise (CCW) rotations of objects such as tombstones, chimneys and monuments have been observed [16, [20] [21] [22] [23] , but in the absence of dedicated sensors no clear picture has emerged concerning the rotation and the sense of the ground rotations. Although some authors [21] have suggested that simple translations can also induce rotations of rigid bodies, Tobita & Sawada [16] proved indirectly the existence of ground rotations via the nearly in-quadrature of the South-North and WestEast acceleration components about the peak acceleration, corresponding to large elliptical or circular particle motions. These particle motions are in agreement with the observation by Tobita of CCW rotations of 25 tombstones at 180 km from the 1994 Sanriku earthquake epicentre in Japan (figure 1). A clever new instrument has been recently proposed to detect stronger rotations occurring at high frequencies in the near-field, close to the earthquake epicentre [24, 25] . It is based on a recording optical lever firmly fixed to the ground so as to faithfully record the seismic rotation oscillations by observing a stable torsion balance with a sufficiently low natural frequency. The torsion balance then acts as a reference target that remains stationary even though the surface of the Earth might be undergoing higher frequency torsional oscillations. By contrast, we choose here to use the high sensitivity to rotations of underdamped torsion Cavendish balances within their resonant frequency bandwidth by optimizing their natural oscillations at the centre of the frequency range of the low-frequency seismic surface wave oscillations [1, 26] . To the best of our knowledge, such an experiment has not yet been performed. Underdamped torsion Cavendish balances are used today to detect small effects in the low-frequency domain around their own oscillation frequency. Since the earlier experiments of Coulomb and Cavendish in their investigations of the fundamental electrostatic and gravity interactions, respectively, torsion balances are known for their sensitivity. Recently modern versions of these symmetrical, gravity-free, underdamped Cavendish balances have been used to test the Newton inverse-square law [27] , to investigate supersolidity [28] and to measure the Newton gravity constant G [29] . Many gravity-dependent pendulums including simple pendulums or inverse pendulums [30] , and asymmetrical pendulums [31] have been successfully used in seismology, essentially to detect translations. One may wonder if modern gravity-free torsion Cavendish balances located in a low-noise environment are able to detect directly the ground rotations in earthquakes [16, 32, 33] , particularly with their sense of rotation. Figure 1 . A typical CCW rotation of a tombstone composed of three rectangular granite blocks observed after the 1994 SanrikuHaruka-Oki, Japan, earthquake [15] . The CCW rotation is defined as seen from the top. A CW rotation corresponds to the reverse sense. Photo from [16] , with permission from ASCE. (Online version in colour.)
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Material and methods (a) Material
The Cavendish balance, built to detect small rotations, is suitable for detecting seismic rotations in a given frequency bandwidth, but seismic background noise, thermal and other environmental perturbations make the experiments difficult. To avoid any random response of a single balance, two independent commercial Cavendish balances initially dedicated to gravity tests are used at the same site. They have been modified for long duration measurements with their natural rotational frequency matched to detect seismic events in the 10 −3 to 10 −2 Hz frequency band corresponding to the surface wave domains in the far-field of earthquakes. The two quasi-similar balances consist of a rotating beam supported by a tungsten fibre 25 µm in diameter. For balance no. 1, the fibre length is chosen to be 4.5 cm, resulting in a 6.05 mHz resonance, while for balance no. 2 the length is 3.7 cm, resulting in a 6.65 mHz resonance. The whole symmetrical beam configurations weigh 30 g and have a moment of inertia of 1.6 10 −4 kg m 2 about the suspension axis. The balance signals are filtered around the balance resonance frequency, i.e. from 1 to 10 mHz. Although the natural frequency of the possible simple pendulum movements is 300 times higher than their natural rotation frequencies, the balances are equipped with a device to eliminate the residual signals occurring at this high frequency. The rotation angle of the beam is measured by a symmetric differential capacitance bridge. The output signal of the bridge is digitized, providing an angular resolution of 10 −6 rad. We have also modified the acquisition scheme of the original balances to record data continuously. Twice a day the data are exported to a computer through a USB port, and an Internet connection allows remote access to the data. In this way, the perturbations that could be generated by human presence are eliminated. In our different preliminary seismic tests with the pair of balances in a standard laboratory environment, we obtain the usual noise responses as shown below. As the ambient seismic background is suspected to be the main noise source in this case, we choose to locate our pair of balances in an ultra-low-noise laboratory. We had the opportunity to install our balances at the LSBB (Laboratoire Souterrain à Bas Bruit, i.e. underground low-noise Laboratory) in Rustrel, South of France (figure 2). This site is at regional distance from active seismic areas. The laboratory is situated 518 m below the Earth's surface, thus shielding instruments from many noise sources. In particular, the three components of the ambient seismic noise spectrum shown in figure 3a , continuously recorded at the LSBB, are near the theoretical worldwide minima, i.e. the new low-noise model introduced by Peterson [34] . In addition, the LSBB exhibits the smallest gravity fluctuations measured by the same gravimeter at different world locations (figure 3b) [35] . Moreover, measurements have shown that the electromagnetic noise is 100 times smaller than in urban areas. An additional aluminium protection covering the balances was added as a complementary Faraday shielding. As shown in the results below, our Cavendish balance tests confirm the potential of the LSBB. The experiment started in April 2012 and the data acquisition system permanently records the signals of the two balances. During the experiment, the temperature in the balance room is stabilized to 16.4 ± 0.1 • C. Vertical, South-North and West-East translations are permanently recorded with their corresponding acceleration components.
(b) Method
Theoretical excitation of the two fundamental circular eigenmodes of the Cavendish balance can first be approximated by submitting the system to a pure Dirac angular impulse [36] (figure 4a).
The bottom of figure 4a shows the typical exponentially damped sine response [36, 37] . More realistic damped CCW and CW sine impulses are suggested by the CCW rotations observed by Tobita & Sawada [16] shown in figure 1 , and by their indirect simulations of rotations via in-quadrature orthogonal South-North and West-East accelerations. Moreover, circular particle motions deduced from the real components for one or two cycles of the 1994 earthquake reinforce our hypothesis of a sine damped driving angular impulse applied to the Cavendish balance. The CCW and CW opposed impulses are schematized in figure 4b and c, respectively. The convolution of these damped sine wave impulses with the theoretical response of the balance to a Dirac angular impulse leads to the theoretical shock responses of the balances shown at the bottom of figure 4b and c. It is worthwhile noting that the main signature to these damped driving sine impulses is present only in the first part of the balance response. In particular, the first rotational oscillation of the balance gives either the CCW (red arrow in figure 4b ) or the CW (blue arrow in figure 4c ) sense of the response of the balance to a given angular impulse. The departure from a theoretical pure Dirac impulse response of the two oscillation envelopes shown in figure 4b and c are illustrated by the corresponding purple regions. To perform these simulations, we have used a 150 s theoretical damped angular sine impulse duration, adapted to the seismic surface wave period and to the natural period of the balance. The torsion balances thus appear able to give unambiguously the two possible senses of ground rotations. Moreover, using the Matlab built-in function for deconvolution of each observed oscillation of the pendulums with the corresponding theoretical impulse response of the pendulum, such as the one in figure 4a, should give information on the sense of rotation of the driving angular impulses for the balances, in their narrow frequency bandwidth. Figure 5 shows the comparative rotational noise power spectra versus the frequency measured for the balances in a standard laboratory environment at the University of Rennes (blue curve) and at the LSBB (red curve). The rotational noise at the LSBB is drastically reduced, as the ambient seismic background noise in the frequency domain of the surface waves and of the normal modes of the Earth at the LSBB is low, as shown in figure 3 . The noise reduction for the balances at the LSBB reaches 40 dB in the 10 −3 to 10 −2 Hz frequency band of interest. Detecting surface wave events in the range of a few microradians is then possible. Moreover, the noise power spectra curves of figure 5 show that the frequency fluctuations above 10 −2 Hz then have negligible effects on the balance resonance.
Results for the two Emilia earthquakes
A first 6.1 magnitude earthquake occurred in Italy on 20 May 2012 at 02.03.53 UTC, at a distance of 470 km from the LSBB, in the azimuth 75 • (figure 6). The propagation path of the seismic wave towards the LSBB with only ground propagation avoids the Mediterranean Sea, reducing the possible perturbations of Love and Rayleigh waves. The simultaneous recordings of the three Vertical, North and East seismic components, by seismometers at the LSBB, show that the two balances started to rotate only at the arrival of the surface waves, i.e. about 180 s after the earthquake time in Italy (figure 7a). Although the sensitivity of the balance no. 2 is lower than that of balance no. 1, both balances clearly exhibit the same CCW signature (figure 7a). Moreover, these experimental responses are in agreement with the theoretical response to a CCW angular impulse as shown in figure 4b. Nine days after the first earthquake, on 29 May 2012, a second independent earthquake of 5.8 magnitude also occurred in Italy, at 07.00.03 UTC. The epicentre was at a slightly smaller distance from the LSBB (about 450 km) but the earthquake was detected exactly in the same direction as the first earthquake ( figure 6 ). The coseismic deformation patterns of the two Emilia earthquakes imaged by radar interferometry are shown in figure 8 [38] . Their focal mechanisms show a relative small horizontal rotation of 9 • but the location of the pair of balances with respect to the two sources is not close to the two focal nodal planes for the two events (at 35 • and 24 • , respectively). Moreover, for the 20 May and 29 May Emilia earthquakes, the strike of the faults is inferred to be 103 • for both events [39] . Also their dip was probably very similar, as these authors infer, 25 • and 27 • , respectively [39] . The recorded amplitude of the responses of the three seismometers at the LSBB for this second earthquake are reduced by about a factor 2 (figure 7b) in agreement with the known relative magnitudes of the two earthquakes. On 29 May, the two Cavendish balances also showed weaker responses. However, by contrast, for this second earthquake, the two balances exhibited CW responses, instead of CCW responses, as shown in figure 7b in agreement in this case with the theoretical CW response of figure 4c.
As the two balances have remained located in exactly the same place at the LSBB without any change in the experimental set-up, we find that in a given location two earthquakes with nearby epicentres observed in the same direction can produce ground rotations in opposite senses. Pure translational effects would have given the same sense of rotation of the two balances for the two earthquakes. Note that the experimental baselines in the LSBB for the two balances show that in this frequency band the response noise is limited to the microradian level, due to the 40 dB reduction in the noise power spectrum shown in figure 5 . Although the translational and the rotational effects are intermingled due to the complex propagations and the energy partition of the different waves [40] , the balance is able to detect the rotational contribution and to identify the sense of rotation at a given site.
The long duration response of the balances permits the determination of the experimental angular impulses which drive the balance rotation for each of the two earthquakes. Deconvolution permits the input to a known filter to be recovered, given the filtered output. The deconvolution is performed using the 'deconv' function of the Matlab Signal Processing Toolbox. The results of the deconvolution of the measured oscillations of figure 7a and b, with the theoretical response to a pure Dirac impulse, giving directly the experimental angular impulses leading to the balance responses, are shown in the frequency bandwidth of the balance in figure 9a and b for the 20 and events. This hypothesis seems to be excluded here, as both earthquakes have their focal lines about 30 • from the site azimuth as shown in figure 8 . Moreover, to exclude any possible pure large translational effect and to detect the presence of rotational effects, we have analysed the horizontal acceleration components observed at the LSBB. The South-North and West-East components represented in figure 10a show the broadband (0.001-50 Hz) acceleration for each earthquake. The corresponding particle motions and the time histories of the input accelerations are shown in figure 10b. The particle motions in the first time window (60 s < t < 150 s) are rather linear, but are rather circular in the second time window (180 s < t < 270 s), suggesting the existence of ground rotation for the two earthquakes. The complexity of the broadband surface wave interactions does not allow us to extract the sense of rotation for each earthquake. However, filtering the South-North and the West-East component accelerations in the frequency bandwidth from 0.001 to 0.01 Hz corresponding to the balance bandwidth leads to the CW and CCW particle motions of figure 11 for the 20 May and 29 May events, respectively. Note that the directions of rotation of the particle motion are opposite to the directions of rotation of the pendulums due to the inertia of the pendulum beams. The Cavendish balance is able to extract, in its bandwidth, the phase correlation between the two orthogonal acceleration components.
To conclude, the two circular eigenmodes of the pair of torsion balances at the LSBB permit a direct detection of low-frequency ground rotations in the far-field of earthquakes, giving their sense of rotation. Still today, widespread deployment of rotational ground motion sensor arrays remains desirable [41, 42] . With some improvements so as to broaden the frequency range of use, the versatile and inexpensive Cavendish-like balances installed on seismic piers could bring information on how the senses of rotation vary with the epicentral distances using a balance array installed in a seismic area. Indeed, the reason why the two Emilia earthquakes produce opposite rotations remains to be investigated so as to identify the mechanism [8, 9, 12] . Rotational ground motion senses in the near-field of earthquakes [4, 5, 43] , including the earthquakes where the most complex strike-slip ruptures with the most damaging effects can occur [44] [45] [46] , would be of interest for a complete mapping of the rotational effects as well as for describing their complex propagations from the epicentres. contributed to the analysis of the seismic data. All authors gave final approval for publication.
